Introduction
Hyper-Raman and hyper-Rayleigh scattering (Figure 1 ) are the two-photon excited analogs of ordinary Raman and Rayleigh scattering. 1, 2 Two incident photons in the red to near-IR are coherently destroyed and a scattered photon in the near-UV to blue is produced having twice the frequency of the incident light (hyper-Rayleigh), plus or minus one or more ground-state vibrational quanta (hyper-Raman). When the two-photon energy falls within an optical absorption band, the dominant intermediate states in the process are excitonic transitions that are both two-photon and one-photon allowed. 1 Accordingly, hyper-Rayleigh scattering is nominally forbidden within the dipole approximation for strictly centrosymmetric systems, because only the "u" symmetry transitions are one-photon allowed and only the "g" symmetry transitions are two-photon allowed. Hyper-Raman scattering in such systems is allowed only through vibronic coupling mechanisms and is generally expected to be weak. 3 We have previously demonstrated this in conjugated organic molecules; resonance hyper-Raman scattering is strong in highly asymmetric, donor-acceptor substituted "push-pull" molecules, while in symmetrically substituted, nominally centrosymmetric systems the hyper-Raman scattering is observable but very weak, presumably allowed through ground-state conformational distortions and/or transiently asymmetric solvation. [4] [5] [6] Here we extend these studies to II-VI semiconductor nanocrystals. There have been some prior studies of both electronically nonresonant [7] [8] [9] [10] [11] and resonant [12] [13] [14] [15] hyper-Rayleigh scattering in II-VI quantum dots (QDs). To our knowledge hyper-Raman spectra have been reported for only one II-VI nanocrystal system: resonant hyper-Rayleigh and hyper-Raman spectra of CdS QDs grown in a silicate glass were reported over the range 920 to 720 nm, with the maximum intensity obtained near the lowest one-photon absorption maximum. 16, 17 We report the resonance hyper-Rayleigh and hyper-Raman spectra of CdSe QDs having both wurtzite and zincblende crystal structures, different surface ligands, and produced by different synthetic routes, as well as zincblende CdS QDs and tetrapods having a zincblende CdSe core and CdS arms. Our initial interest was in comparing structures that should be nearly centrosymmetric (QDs) with one that is highly noncentrosymmetric (tetrapods, having a tetrahedral arrangement of CdS arms around the CdSe core). Hyper-Rayleigh scattering should be strictly forbidden in a completely centrosymmetric QD within the electric dipole approximation, while hyper-Raman scattering can still be allowed for phonons that break the center of symmetry. We do not expect hyper-Rayleigh scattering to be strictly forbidden in QDs, however, because the underlying crystal structure, whether zincblende or wurtzite, lacks an inversion center. Furthermore, a roughly spherical structure composed of a finite number of atoms will rarely have exact inversion symmetry, and the distribution of ligands on the surface is also likely to have some asymmetry. We expect this comparison to provide some insight into the extent of electron-hole asymmetry in nominally spherical QDs, as well as the influence of crystal structure and ligation on that asymmetry. The hyper-Rayleigh and hyper-Raman intensities are also strongly influenced by electronic resonance effects, which are different for all three structures. Computational methods previously developed to simulate resonance hyper-Raman spectra of organic molecules 5, 6 and resonance Raman spectra of semiconductor QDs [18] [19] [20] [21] are modified to calculate resonance hyper-Rayleigh and hyper-Raman spectra of CdSe QDs for comparison with our experimental results.
Experimental methods
Six samples were examined: wurtzite CdSe QDs (wzCdSe), zincblende CdSe QDs synthesized using elemental Se (zb1CdSe), zincblende CdSe QDs synthesized using SeO2 (zb2CdSe), those particles subsequently ligand exchanged with oleylamine (zb3CdSe), CdS QDs, and CdSe/CdS tetrapods. The synthetic details are described and TEM images are shown in the Supporting Information. The four CdSe samples were chosen to compare the effects of crystal structure (zincblende versus wurtzite), of the same core with different surface ligands (zb2CdSe and zb3CdSe), and of synthesis in a different redox environment (zb1CdSe and zb2CdSe). All four CdSe samples have similar absorption spectra ( Figure 2 ) with the lowest excitonic absorption at 573-580 nm. Both the wurtzite QDs and the zincblende ones ligated with oleylamine exhibit a significantly smaller splitting between the two lowest excitonic transitions than do the other zincblende samples as reported previously. 22 The CdS QDs and the tetrapods also have similar absorption spectra to one another ( Figure 3 μM. The molar concentrations of the tetrapods, having considerably greater per-particle volumes, were considerably lower than for the QDs but the concentrations were not determined quantitatively.
All samples were prepared in toluene at optical densities near 1.0 per cm at the two-photon resonant wavelength. The hyper-Raman/hyper-Rayleigh measurements were carried out using the apparatus and methods described previously. 6 A Spectra-Physics Tsunami picosecond Ti:sapphire laser produced 805-825 nm, 1-2 ps, 5-7 nJ pulses at 82 MHz. The laser was focused into a fluorescence cuvette containing the sample with a 20 mm focal length lens. The nonlinear scattering was collected at 90° with a fused silica lens, focused through IR-blocking filters into a 0.5-meter single spectrograph, and detected with a liquid nitrogen cooled CCD detector. Linear Raman spectra were obtained as described previously 18 with the frequency doubled Ti:sapphire laser used as the excitation source. 
Discussion
Here we discuss possible origins for the large differences in the hyper-Raman to hyper-Rayleigh intensity ratio among the structures studied. The hyper-Rayleigh to LO fundamental integrated intensity ratio, corrected for the solvent contribution to the hyper-Rayleigh line, is about 14 for the tetrapods, about 2 for the CdSe QDs, and about 1 for the CdS QDs.
We begin by noting that the hyper-Rayleigh scattering intensity can, in general, be partitioned into a part arising from an ensemble of uncorrelated molecules scattering independently and a part resulting from interferences between the fields generated by correlated pairs of molecules. 24 The latter part is usually assumed to be negligible in dilute solution where the positions and orientations of the scatterers are uncorrelated, and we assume that this is the case in the analysis that follows. However, in a structure such as a tetrapod, the correlated positions and orientations Figure 4 . Note that in Figure 4 , the hyper-Raman part of the spectrum looks very similar for the tetrapods and the CdS QDs, but the hyper-Rayleigh peak is much stronger in the tetrapods.
It is tempting to ascribe the large hyper-Rayleigh intensity in the tetrapods to the complete lack of inversion symmetry of this structure compared with the approximate spherical symmetry of the QDs. In a tetrahedral structure, there should be many excitonic states that are both onephoton and two-photon allowed and the hyper-Rayleigh and hyper-Raman scattering should be 10 fully symmetry allowed. In a nearly spherical QD, there should be no excitonic states that are strongly allowed in both one-photon and two-photon absorption and the hyper-Rayleigh scattering should be very weak, while the hyper-Raman scattering can still be symmetry allowed through vibronic coupling to a phonon whose envelope function breaks the spherical symmetry.
The two-photon absorption spectra of CdSe QDs are very different from the one-photon spectra, 29 providing some support for this hypothesis. However, numerous experiments on both wurtzite and zincblende II-VI QDs show large ground-state dipole moments, 30, 31 indicating a strong breaking of inversion symmetry and suggesting that hyper-Rayleigh scattering should be symmetry allowed in all of the structures studied. Figure 8 shows the resulting absorption spectrum, hyper-Rayleigh intensity, and hyper-Raman to hyper-Rayleigh ratio. The absorption spectrum can be fit equally well over a wide range of linewidths and the hyper-Rayleigh intensities excited near 400 nm (25,000 cm -1 ) vary by less than a factor of two over this range of linewidths. However, the fundamental hyper-Raman to hyper-Rayleigh intensity ratio varies from 0.02 to 0.47 over this range. Additionally, at any choice of homogeneous width, the hyper-Raman to hyper-Rayleigh ratio is greatly reduced as the two-photon excitation energy is tuned to the blue of the lowest exciton. The very large hyper-Rayleigh to hyper-Raman intensity ratio in the tetrapods may be caused at least in part by contributions from a large number of resonant excitonic states and fast electronic dephasing at these high excess energies.
Finally, we note that the tetrapods are relatively large structures, spanning a range of about 40 nm from tip to tip, while the QDs have diameters of 4-5 nm. The dipole approximation for the radiation-matter interaction is probably good for the QDs but may break down for the much larger tetrapods. Thus, contributions to the scattering intensities from higher-order terms in the multipole expansion of the radiation-matter interaction may have to be considered. 
Conclusions

